A formal E-selective hydrophophination of terminal and internal alkynes catalyzed by well-defined [Co(PMe3)4] (A) complex is achieved under mild conditions in good-toexcellent yield. The reaction does not require any additives and/or external base for an efficient hydrophosphination reaction. The reaction provided excellent scope and good functional tolerance. Detailed spectroscopic analysis (NMR, EPR, and UV-Vis) revealed that the low valent cobalt(0) complex undergoes oxidative addition with diphenylphosphine followed by hydrometallation with alkyne and subsequent reductive elimination led to the expected product.
Introduction
Addition of X-H bond (where X is a heteroatom) to alkyne is of significant importance due to atom and step economy. 1, 2 This waste free method was widely employed for various hydrofunctionalization of unsaturated system, especially C-C double and triple bonds. Among them, hydrophosphination holds an edge over the others, due to the importance of organophosphorus compounds in antibiotic & anti-tumor activity, metal catalysis and organocatalysis as witnessed in recent times. 3, 4 Hydrophosphination reaction, although, can be promoted by acids, bases, radicals, 5, 6 high temperature and organometallic reagents, these reactions suffer drastically from lower selectivity, poor functional groups tolerance and uncontrolled reactivity. The pioneering works of Gleuck et al. and Pringle et al. showed that these problems could be resolved by employing a metal catalyst. 7, 8 The metal catalyst, often tend to provide better regio and stereo selective control compared to the uncontrollable radical initiated reaction. 3b However, the sluggish progress in developing new metal catalyst is perhaps due to the resultant trivalent vinyl phosphine is an excellent coordinating ligand, which is likely to poison the catalyst. Hence, the catalyst development for hydrophosphination reaction of unsaturated C-X (where X = C, O, N, S) bonds was not much explored [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] compared to the other hydro-functionalization reactions such as hydroboration, hydrosilylation and hydroamination, etc. 16, Noble metals such as [Pt] , [Pd] and [Ru] based catalysts were predominantly employed to promote the hydrophosphination of unsaturated C-X (where X = C, O, S) bonds. [41] [42] [43] Although conscious efforts were made by several research groups to develop cheap, environment friendly, less toxic metal catalyst (such as alkaline metal complexes), the reactions either require high catalyst loading or suffer from poor regio and stereo selectivity of the takkaki joc.txt products. 14, [44] [45] [46] [47] [48] and investigated the mechanism of the reaction to intercept the various intermediates involved in the catalytic cycle. Such mechanistic investigations are extremely scarce in the literature. In this process, we have identified various intermediates involved in the catalytic cycle with the aid of multi-spectroscopic analysis, and isotopic labelling experiments, which are described below.
Results and Discussion
This well-defined catalyst A yields formal E-selective hydrophosphination of terminal and internal alkynes exclusively under mild reaction conditions and the reaction proceeds smoothly via syn-addition of P-H bond to the alkyne without any additional bases or organometallic reagent (Scheme 1). We began our investigation by screening various reaction parameters using 0.9 mmol of phenylacetylene and dipheylphosphine with 5 mol% of A. The catalytic reaction was optimized to isolate the product with better yield/stereo selectivity by screening solvent, temperature and catalyst loading. A better stereo selectivity (E) was obtained in low polar solvent compared to the polar solvents presumably due to the sluggish isomerization process of the product in low polar solvent compared to the polar solvent. Such scenario witnessed in the literature, for example solvent polarity dependent stereo selective product obtained for hydrogenation of alkynes. We observed neither dimerization of alkyne nor poisoning of catalyst by the product, which is an added advantage for the efficient product formation. Slightly higher temperature is required as the catalyst is latent and liberation of PMe3 (from A) is effective at higher temperature to access to active catalyst precursor (vide infra). Careful analysis of the product indicate that the phosphine and H are added on the same side of the alkyne, which led to formal E-vinyl phosphine (See also tables S1-S4 of ESI).
With the best conditions in hand, we next examined the scope of terminal alkynes (Scheme 2). Electron donating group such as Me, n-pentyl and t-Bu substituent at the p-position provided good yield with excellent stereo-and regio-selectivity. Further, the crystal structure of 2c unequivocally supports the E-selective product formation ( Figure S1 , Table S5 ), where the phosphine and phenyl rings are trans to each other. The electronic effect of the substituent (i.e. either electron withdrawing or electron donating groups) on the phenyl ring does not appear to have influence on the progress of the catalytic reaction and hence the yield of product.
For example, electron withdrawing groups such as -Br, -F and acetyl-groups as well as electron releasing groups (such as -OMe, -OEt, OC5H11) were well tolerated and provide excellent product yield without much variation in yield (2e-2j). The reaction can be further extended to hydrophosphination of fused aromatic ring such as napthyl, anthracyl and pyrenyl substituted acetylene in good yield (2k-2n). To our delight, even heterocycles can be tolerated albeit in moderate yield (2o). Additionally, the reactivity of aliphatic alkynes, namely tetrahydrocyclopentyl propynyl acetylene and 1-pentyne are tested. The expected hydrophosphinated product was isolated in moderate yield (2p-q), but formation of small amount of other regio-isomer (E') is witnessed with the ratio of E:E' ratio = 3:1, see table S6 of ESI). We would like to emphasize that certain transition metal catalyst does not promote hydrophosphination reaction of aliphatic alkyne, 12, 13 those which facilitate smooth progress of the reaction often lost its regio-selectivity, a common, yet challenging problem known in the literature. 18, 55 Although hydrophosphination of terminal alkynes reported in the past but their corresponding extension to the internal alkynes often failed to provide the vinyl phosphine or it did not provide any control over stereo-selectivity due to the vinilydene pathway. 10 Under the optimized experimental conditions (Scheme 1), we further extent the scope of the internal alkynes (Scheme 3). Bi-aryl acetylene gave moderate isolated yield of the expected product but the product yield is significantly improved (93%; 3c) when 1-phenylpropyne is used with one single regio-isomer. The regio and stereo selectivity is absolutely preserved in 3a-c, while in case of electronically biased alkynes 3d and 3e, the regio-selectivity is compromised (E:E' ratio for 3d (55:45) and 3e (69:31), see Table S6 of ESI) to some extent. It is witnessed, hitherto, from the literature that promoting hydrophosphination reaction of internal alkynes with hetero-aromatic ring substituent (or electronically biased substrate) is a challenging task.
In majority of the cases, reaction does not proceed due to the catalyst poisoning, while in viceversa scenario, controlling stereo-and regio selectivity of the reaction is a demanding task and an uphill process. The analyses of product (3c & 3e) revealed that the phosphorous atom prefers to add sterically less hindered carbon site of an alkyne.
Intrigued by this reactivity and stereo-selectivity, we have turned our attention to predict the nature of intermediate formed to better understand the mechanism of reaction. We first carried out deuterium labelling experiments using PPh2D (78% deuterium enriched) with 4-tbutylphenylacetylene to understand the origin of E-selective product formation. a All reactions were carried under the same conditions as scheme 2 at 100 °C.
We next examined the reaction by following stoichiometric experiment between A and PPh2H through various spectroscopic techniques. Prior to the experiment, we have characterized the catalyst A through 1 H and 31 P NMR spectra in C6D6 at room temperature. The characteristic peak for methyl protons and 31 P signal observed at 1.26 and -0.14 ppm respectively. This indicates that all the four -PMe3 groups bound to the cobalt ion are chemically equivalent ( Figure S3 of ESI).
Equimolar amount of the A and PPh2H were mixed and the reaction was monitored by 1 H NMR spectrum. A broad signal observed at 0.89 ppm is attributed to a metal free -PMe3 group in solution, which is likely due to ligand (PMe3) dissociation from A followed by σ-coordination of PPh2H. This free PMe3 group 31 P signal was noted at -62.5 ppm (see green trace
in Figure 1 ; assignment of this signal was based on 1 H and 31 P NMR recorded in C6D6 for commercially available 1 M solution of PMe3 ; Figure S4 ). This further undergoes heterolytic cleavage via 2c-3e -transition state to provide a penta coordinated [Co II (H)(PPh2)(PMe3)3] oxidative addition product B, which is also consistent with EPR, UV-Vis spectroscopy (vide infra). Next, we added the alkyne to the in-situ generated species (B and C), subsequent changes were monitored again through 1 H and 31 P NMR spectra ( Figure 1, magenta advocates that the alkyne insert between Co-H followed by reductive elimination lead to styrenyldiphenylphosphine. A new intense 31 P NMR signal at -11.2 ppm is the characteristic signature of an E-selective styrenyldiphenylphosphine derivative, which is consistent with the other literature reports. 18 The unchanged 1 H NMR signal intensity at 0.86 ppm (which was attributed to the free -PMe3 originated from A upon oxidative addition) even after the reductive elimination, indicates that Co(0) regenerated after the reductive elimination is not same as A.
This regenerated Co(0) is referred as A' hereafter. This designates that, a concurrent ligand dissociation and oxidative addition of PPh2H is the first step of catalytic cycle. Formation of
A' further, strongly corroborated with UV-Vis and EPR measurements (vide infra). Further, C
remains as the resting state and is not catalytically active under the reaction conditions. This fact indeed verified from the unchanged 1 H and 31 P signal even after the addition of alkyne substrate (see magenta trace in Figure 1 ).
To provide additional support for the oxidative addition of PPh2H with [Co(PMe3)4] (A), we
have recorded UV-Visible spectrum for both A and in-situ generated products (stoichiometric amount of A and PPh2H) in a sealed cuvette (Figure 2 ). The spectral features of both A and insitu generated complexes are distinctly different. For A there is no significant absorption feature, whereas for the in-situ generated product two distinct d-d transitions centered at 404 nm and 473 nm is observed, 58, 59 for intermediate species B and C. The UV-Vis spectrum upon addition of alkyne into the in-situ generated species, however, is not exactly resembles that of A. This suggests that A is not a catalytically active species, but A' which is confirmed by its spin Hamiltonian parameters extracted from EPR measurement compared to A (vide infra)).
In order to shed light on the electronic structure of the various species involved in the hydrophosphination catalytic cycle low temperature, X-band EPR measurements were performed on A by dissolving in toluene, as a frozen toluene glass at 5 K. The EPR spectrum of A measured at 5.0 K shows nicely resolved hyperfine fine structures due to the interaction of unpaired electron spin on cobalt with the nuclear spin of 59 Figure 3 ). 60 The Gaussian line width of 3. 
58, 69-74
When an alkyne is added to the in-situ generated species, the EPR signal is re-generated, with characteristic features of an S = ½ spin state i.e. Co(0) (see blue trace in Figure 3 ). The regeneration of the EPR signal due to Co(0), unambiguously suggest that reductive elimination is the final step of the hydrophosphination catalytic cycle. The EPR spectrum of the final step was simulated by considering S = ½ spin state with the spin-Hamiltonian (SH) parameters; g = The spin Hamiltonian parameters extracted for A', reproduce only part of the experimental spectrum, which leave out some of the spectral features in 320-350 mT range (see Figure 3 marked with # symbol). Origin of these EPR signals is due to an unknown radical impurity.
The SH parameters extracted for this from simulation described in ESI (see Figure S8 and its related text). The entire experimental spectral features in the final step were reproduced by considering two different S = ½ spin states with the weighted factor of 0.96 (for A'):0.04
(radical S = 1/2) (blue trace in Figure 3 ). At this moment, we do not know the origin of radical impurity (<4 %). Overall, the modified coordination environment for the regenerated catalytic precursor (compared to A) is well supported by EPR, NMR and UV-Vis data undisputedly.
Scheme 4. Proposed mechanism.
Based on the various spectroscopic observations (NMR, UV-Vis, and EPR (vide supra)), we have proposed the working mechanism as depicted in Scheme 4. Complex A undergo initial ligand dissociation followed by oxidative addition of P-H led to the intermediate B.
Intermediate B in the absence of alkynes reacts with HPPh2 and leads to the formation of C along with the minor coupled product (PPh2)2. Initial coordination of alkyne to the intermediate further extend the catalytic system to activate other X-H bonds including inert C-H bonds, which is currently underway in our laboratory.
Experimental Section: General Remarks.
All the reactions were carried out under argon atmosphere unless otherwise mentioned.
All the alkyne substrate was purchased from commercially available source, except, (1j-1n), (1ab-1ad) is synthesized as per the literature reports. [75] [76] [77] 
General procedure for the hydrophosphination of internal alkyne
The same reaction procedure was followed as above, but the reaction mixture was heated at 100° C for 12 hours.
Procedure for the NMR follow up
To follow the intermediates generated in the catalytic cycle, we performed several NMR experiments in a J-Young NMR tube. The general procedure followed described below. 10 mg 
Procedure for UV-Vis. follow up
A similar synthetic method was followed as in NMR follow up, but the reactions were performed in a Schlenk tube fitted with septa in a 1.0 ml toluene solvent. With the help of syringe 0.05 mL of aliquot was taken from the reaction mixture which is then transferred to a sealed UV-Vis cuvette (containing 3.5 mL of dry toluene) under inert atmosphere.
Procedure for EPR follow up
A similar synthetic method was followed as in NMR follow up, but the reactions were performed in a Schlenk tube fitted with septa in a 1.0 ml toluene solvent. With the help of syringe 0.05 mL of aliquot was taken from the reaction mixture which is then transferred to a sealed EPR tube (containing 0.15 mL of dry toluene) under inert atmosphere.
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